The main part of turbo machinery is conventionally supported by oil film lubricated bearings. The rotor vibrations can be suppressed within low levels as to satisfy vibration criteria, e.g., ISO standards for general rotors and API 617 for process compressors. Recently, the sophisticated advantages of the active magnetic bearing (AMB) have been increasing the number of applications to industrial rotors. The AMB vibration control design requires the weak support which induces inevitably large vibration amplitude, though it is normal for AMB itself. Vibration criteria indicated by present standards are thus too strict for AMB equipped rotors. The difference of the bearing dynamic characteristics between the oil film lubricated bearing and the AMB compels us to prepare a new ISO standard which recommends the acceptance of higher vibration levels for AMB operation.
INTRODUCTION
A few types of active magnetic bearing (AMB) equipped rotating machinery are currently being implemented successfully in the commercial business market since the development phase of the AMB borne rotor was completed. Some successful examples include turbo-molecular pumps, expanders in chemical plants, spindles in machine tools and centrifugal compressors in turbo machinery.
The new concept of AMB is indeed welcome, thanks to its features of being contact free, maintenance free and without mechanical losses.
A typical system supported by the AMB is illustrated in Fig. 1 . AMBs are located at both ends of the shaft including adjacent placements of displacement sensors and emergency (auxiliary) ball bearings. The control network for driving the AMB device is shown in Fig. 2 . As shown in these figures, each displacement sensor detects the shaft position at bearing portions and its signal is fed back to the compensator. The deviation from the bearing center is put into the PID (Proportional, Integral and Differential actions)controller. The controller drives the power amplifiers to sup.ply the coil current and to generate the magnetic force for the levitation and vibration control. Instead of PID, many modern control laws, e.g., LQ and H-infinity, are being investigated for this servo-feedback control design.
The AMB dynamic characteristics is governed by the controller transfer function. An example of the transfer function of a PID controller is illustrated in the Bode diagram of Fig. 3 . The phase lead frequency domain of the phase curve, e.g., 0.1-10 ROTOR AMB (non-dimension frequency/the first free-free bending frequency), can provide positive damping to the rotor system, but negative damping in other frequency domains. In this example, the vibrations of the rigid modes and the first bending mode are covered by the positive damping domain. Compared with conventional oil film lubricated bearings having only positive damping, it can be said that the AMB provides low bearing forces due to limits of the magnetic density. Therefore, concerning bearing support stiffness, the former is strong, and the latter weak. Another opinion might say that the former is too strong, but the latter is preferable.
The main part of turbo machinery is still supported by oil film lubricated bearings. The rotor vibrations can be suppressed within low levels thanks to its stiff support. Vibration evaluations applied to the current type of rotating machines are covered by ISO standards (ISO 7919/1-5) (1996) . These stiffness normalized by "corner stiffness" which is identified by a veering point of the first eigen frequency curve. The curve inclines and then holds steady, as the bearing stiffness increases. In other words, the first eigen mode shape changes from the rigid mode to the first pin-pin bending mode. This value will be clear if the map is displayed in the loglog scale. On the critical speed map, the left and right ends suggest the free-free condition and the pin-pin condition applied to both bearing portions, respectively. The oil film lubricated bearing is generally plotted on the right side due to the strong bearing stiffness. On the other hand, because of weak stiffness, the AMB is plotted on the left side.
In the case of the oil film bearing, its predicted stiffness line ( The critical speed map of the LP rotor is shown in Fig. 8 with ASME PTC-10 and the mechanical run test in accordance with API 617. The test results at the final phase of the mechanical run done at the shop are shown in Fig. 10 , as unbalance response curves. Owing to the well rotor balancing, the unbalance vibration amplitude is suppressed enough to the low level of about 20 lampp, though the value itself is still larger than the oil film type of compressors. Depending upon the gain Ga of the ABS circuit shown in Fig. 9 , the possible upper limit of the operational speed range is restricted by the unbalance resonance of the critical speed Nc41 as illustrated in Fig. 7 . This fact is examined through a test by exciting the rotor by harmonic waves at stop. The result is shown in Fig. 11 . Instead of a rotational pulse, the excitation harmonic wave signal is concurrent with the trigger signal to the PLL function. It is also noted that the decrease of the Nc4 critical speed to the Nc4' is remarkably recognized by the reduction of the AMB stiffness corresponding upon the selection of the gain Ga. Vibration limitation levels which should be satisfied were agreed by this project as shown in Fig. 12 . This criterion was determined by calculating non-contact conditions between the rotor and stators within a certain margin. The minimum clearance for the non-contact is determined by considering static deflections, vibrational eigen mode shapes and/or rubbing vibration deformations between rotating and stationary parts, e.g., touch down bearing, sensors, labyrinth seal, balancing piston and other parts. The shop test of Fig. 10 proved that these vibration limit levels agreed with the vender and the user are comparably large with conventional oil film bearing type compressors, but are still within normal limits for the AMB rotor.
Since the machine was installed on site for the commission 5 years ago, continuous operations have been completed including the repeat of maintenance every six months without any major problem, as of this writing. An example of field data measured on site is shown in Fig. 13 . Steady state data at normal operations concerning the vibration and the current are 50 lampp and 3 5 % of the current capacity, respectively, as shown in The difference between these upper and lower coil currents is for the rotor levitation.
certain start-stop test is shown in Fig. 14 The first parameters concerning each clearance indicate the minimum clearance required for avoiding any rotor rub at any portion of the shafting even in a state of emergency. Thus, the minimum clearance, noted Cmin, is commonly defined by the clearance of the auxiliary bearing assuming touch down operations in an emergency. The clearance of the auxiliary bearing is usually determined by half the AMB clearance. The second parameter indicates the current supply capacity, noted Ic, which can provide the maximum current for supplying AMB driving power devices. As an allowable limit for Zone B, it is recommended that the limit values of vibration and current magnitudes be 60% of each possible maximum value, Cmin and Ic, because these limit values should be a design point when considering excess load and/or unexpected excitation force. The zone table is thus proposed as shown in Table III . The parameters of each zone is described in the guidelines of ISO 7919-1, as follows. 
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